The hexamethylene bisacetamide (HMBA) anticancer drug was dismissed due to limited efficacy in leukemic patients but it may re-enter into the clinics in HIV-1 eradication strategies because of its recently disclosed capacity to reactivate latent virus. Here, we investigated the impact of HMBA on the cytotoxicity of natural killer (NK) cells against acute t lymphoblastic leukemia (t-ALL) cells or HIV-1-infected T cells that exit from latency. We show that in T-ALL cells HMBA upmodulated MICB and ULBP2 ligands for the NKG2D activating receptor. . However, therapeutic success can be affected by disease relapse in some patients, especially in children with acute lymphoblastic leukemia (ALL) or other hematological malignancies. This is why combination of NK cell-based immunotherapy with chemotherapeutic agents or other drugs that boost expression on tumor cells of ligands for NK-cell activating receptors is under investigation as novel anticancer strategy 6, 7 . Among NK cell activating receptors, the NK receptor group 2 member D (NKG2D) plays a key role in the recognition of both tumors and infected cells. In humans, NKG2D is expressed by all NK and CD8 + T cells and by subsets of γδ T cells, NKT cells, and CD4 + T cells, and recognizes several ligands (NKG2DLs): the major histocompatibility complex I-related chain A and B proteins (MICA and MICB) and UL16 binding protein 1-6 (ULBP1-6) 8 . Expression of NKG2DLs requires activation of NF-κB and other transcription factors, chromatin remodeling, and activation of the DNA Damage Response (DDR) pathway, henceforth is highly restricted in normal tissues but can be induced during viral infection and tumor transformation 9 . Ligand binding by NKG2D
results in phosphorylation of a receptor-associated adaptor, DNAX-associated protein 10 (DAP10), followed by engagement and activation of the phosphatidylinositol 3-kinase (PI3-K) and downstream signaling molecules that potently stimulate NK cell-mediated elimination of virus-infected cells and tumors 10, 11 . The importance of NKG2D-mediated response of NK cells against cancer has been demonstrated by immunogenetic, clinical and experimental studies 12 , also corroborated by the evidence that most anticancer drugs, including antimetabolic agents, antitumor antibiotics, and histone deacetylase inhibitors (HDACi), upmodulate NKG2DLs on tumor cells 7 . Moreover, NKG2D has a key role in infectious diseases, given that cells respond to most viral infection by upregulating NKG2DLs and, notwithstanding various mechanisms evolved by viruses to restrain NKG2DL cell-surface expression, they become targets for NKG2D-mediated recognition and killing by NK cells, as clearly demonstrated for HIV-1-infected CD4 + T cells 13 . Recently, we proposed that the NKG2D/NKG2DLs axis could be exploited to clear latent HIV-1 reservoirs persisting in infected patients despite suppressive antiretroviral therapy (ART), which represent a major drawback in the fight against HIV-1
14
. Actually, the ultimate 'shock-and-kill' approach to HIV-1 eradication implies administration of viral latency reversing agents (LRAs) that reactivate silent provirus, associated with the killing of cells harboring reactivated virus by the host immune system 15 . Candidate LRAs belong to different functional categories given that various mechanisms contribute to the establishment and maintenance of HIV-1 latency, including epigenetic silencing of the viral promoter and sequestration in inactive complexes of factors required for viral transcription initiation (i.e. NF-κB) and elongation (i.e. positive transcription elongator factor b, P-TEFb) 16, 17 . To date, clinical trials in which LRAs have been administered to ART patients demonstrated modest or no clearance of HIV-1 reservoirs despite reactivation of viral gene expression, hence adjuvant immune-based strategies are being evaluated [18] [19] [20] . Of note, most LRAs under investigation have been used in tumor immunology studies and clinical trials for non HIV-1-related diseases because of their capacity to upregulate NKG2DLs 9, 21 , indicating that latent HIV-1 and NKG2DLs are under the control of common regulatory pathways. As a matter of fact, we recently showed that two candidate LRAs with HDACi or protein kinase C agonist (PKCa) activity (i.e. SAHA and prostratin -PRO-, respectively) can simultaneously induce/derepress latent HIV-1 and NKG2DLs 14, 22 . In addition, we and others have shown that IL-15 potently boosted NKG2D expression and cytotoxicity of NK cells against T cells that exit viral latency, suggesting that combining LRA administration and immunotherapy with IL-15-activated NK cells represents a promising approach towards HIV-1 eradication 14, 23 . Aside their capacity to upmodulate NKG2DLs, candidate drugs with anticancer and/or LRA properties should be carefully tested for their direct effect on immune effector cells. Indeed, accumulating evidence suggests that some therapeutic agents, particularly HDACis, induce the downregulation of NKG2D and other activating receptors on NK cells and, more in general, can decrease NK or CD8 + T cell viability and/or cytotoxicity against tumors or infected target cells [24] [25] [26] [27] [28] [29] .
In the present study we thoroughly investigated the impact on the NKG2D/NKG2DL axis of hexamethylene bisacetamide (HMBA), a prototype hybrid bipolar compound with both anticancer and LRA features. HMBA was initially developed as an anticancer drug based upon its ability to induce differentiation and growth arrest of various transformed cells, including promyelocytic leukemia, breast cancer, colon carcinoma, and melanoma cells 30 . In transformed cells, HMBA leads to cell cycle arrest in G 0 /G 1 , loss of proliferative capacity, and also, in some tumor cell lineages, apoptotic cell death 31 . These events have been associated with HMBA-induced changes affecting proteins that regulate the cell cycle (e.g. pRB, p53, E2F), anti-apoptotic factors (e.g. Bcl-2, Notch1), and PKC [32] [33] [34] [35] . On the basis of in vitro evidences, HMBA has entered into clinical trials for leukemia and myelodysplastic syndrome 36, 37 . However, the lack of significant hematologic improvement in HMBA-treated patients has hampered further testing of this drug in oncologic trials. The interest in HMBA was recently renewed because of its reported capacity to reactivate latent HIV-1 via activation of P-TEFb and elongation of viral transcripts 38, 39 . Specifically, HMBA was shown to disrupt the inactive complex in which P-TEFb is sequestered through activation of Ca 2+ signaling and of PP2B and PP1α phosphatases 40 , as well as via PI3-K stimulation 38 . HMBA can also stimulate initiation of HIV-1 transcription, albeit with a modest effect 41 . Thus, the use of HMBA in combination with PKCa such as PRO, which are known to activate NF-κB signaling pathway, is under investigation as a potential strategy to reduce the size of latent HIV-1 reservoir 42, 43 .
Here we assessed the effects of HMBA on NKG2DL expression in both acute T lymphoblastic leukemia (T-ALL) cells and in HIV-1-infected CD4 + T cells that exit from viral latency, as well as on the phenotype and function of NK cells. We show that, notwithstanding a stimulatory effect on NKG2DL expression on target cells, HMBA downmodulates NKG2D in NK cells, hence inhibiting their cytotoxicity against T-ALL cells and T cells harboring reactivated HIV-1. Moreover, NK cells exposed to HMBA display low DAP10 levels and do not respond to IL-15 stimulation. These results indicate that HMBA can exert a detrimental effect on NK cells in the context of cancer therapies or 'shock-and-kill' approach to HIV-1 eradication.
Results

HMBA upmodulates NKG2DLs on T-ALL cells.
To investigate the impact of HMBA on NKG2DL expression in tumor cells, we selected three cell lines derived from patients with acute T lymphoblastic leukemia (T-ALL): Jurkat, CEM, and MOLT-4. After 18 h culture with or without the addition of HMBA at a 5 mM concentration that is not toxic and optimal for inducing differentiation of transformed cells 44 , cells were analyzed by FACS for the surface expression of four NKG2DLs (MICA, MICB, ULBP1, and ULBP2) as well as of PVR (CD155), a nectin-like molecule that is frequently upregulated in tumors and functions as ligand for another NK-cell activating receptor, DNAM-1 45 . As expected, we did not observe losses in cell viability upon HMBA treatment (Fig. 1A) . With the exception of MICA that was barely detectable in CEM and MOLT-4 cells, all tested NKG2DLs were expressed in the three cell lines (Fig. 1B) , consistent with the presence of at least one of these molecules on leukemia cells of most patients 46, 47 . Upon HMBA exposure, the three cell lines demonstrated a significant ~2-fold increase in MICB and ULBP2 expression levels, while MICA was only minimally augmented www.nature.com/scientificreports www.nature.com/scientificreports/ and ULBP1 was either not affected or, only in MOLT-4 cells, slightly decreased (Fig. 1B,C) . Moreover, the basal expression of PVR, which is elevated in Jurkat and MOLT-4 cells and absent in CEM cells, did not change following HMBA treatment (Fig. 1B) . Thus, although restricted to MICB and ULBP2, the upmodulation of NKG2DL by HMBA has the potential to enhance T-ALL cells killing via NKG2D
+ cells.
Impact of HMBA on NK cell phenotype. Next, we examined the effects of HMBA on NK cells. First, primary NK cells isolated from healthy donors were cultivated for 18 h with or without 5 mM HMBA, then analyzed by flow cytometry. We found that HMBA did not affect NK cell viability and had no effect on the expression of the CD69 activation marker or on CD107a that measures degranulation activity ( Fig. 2A,B) . These results are in line with a previous report showing that markers of cell activation (i.e. CD69, CD25, CD38, HLA-DR) or proliferation (i.e. Ki67) did not change in PBMCs upon treatment with HMBA 48 . We then assessed the expression of six activating receptors that regulate NK cell cytotoxic responses, including NKG2D, DNAM-1, the NKp46, NKp44, and NKp30 natural cytotoxicity receptors (NCRs), and the CD16 (FcgRIII) Fc receptor that mediate antibody-dependent cellular cytotoxicity (ADCC). This analysis was performed following 18 h culture with or without HMBA in the presence or absence of IL-15, a physiologic stimulus of NK cell activity. Exposure to HMBA alone caused a significant decrease in the expression of NKG2D in terms of frequency of NKG2D + cells and NKG2D MFI, while other receptors were not affected (Fig. 2C) . As expected, NK cells responded to short-term IL-15 stimulation by upregulating both NKG2D and NKp44 14, 22 , but not in the presence of HMBA. Thus, in NK . Experiments were performed with at least 5 independent donors. Bars represent mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by two-tailed paired t test.
www.nature.com/scientificreports www.nature.com/scientificreports/ cells HMBA suppresses cell-surface NKG2D expression and abrogates both NKG2D and NKp44 upmodulation induced by IL-15.
NKG2D downregulation by HMBA. To gain insights into NKG2D downregulation by HMBA, we analyzed NKG2D turnover at the NK cell membrane, which is the major mechanism through which expression of this receptor is regulated 49 . By analyzing various time points, we found that NKG2D downmodulation by HMBA was a slow phenomenon, starting around 6 h post-treatment and reaching a maximum after 18 h (Fig. 3A) . Next, we performed a FACS-based endocytosis assay triggered by anti-NKG2D antibody, showing that the rate of NKG2D internalization was maintained in NK cells treated for 18 h with HMBA if compared to untreated cells (Fig. 3B) . Moreover, by immunolabeling intracellular NKG2D in NK cells treated with HMBA and IL-15, either alone or in combination, we found that the extent of NKG2D expression within HMBA-treated cells reflected that observed at the plasma membrane (Fig. 2C) , with a 2-fold reduction that occurred with or without simultaneous addition of IL-15 that, when used alone, increased intracellular NKG2D amounts (Fig. 3C) .
Finally, NKG2D expression was analyzed at both protein and mRNA levels. By western blotting analysis of total lysates of NK cells, we found that overall protein amounts of NKG2D and its DAP10 adaptor were strongly reduced by HMBA (median 75% and 60% reduction, respectively; Fig. 3D ,E show representative blots). Of note, this effect of HMBA was associated with a dramatic decrease of NKG2D and DAP10 mRNA levels (median 70% and 80% reduction, respectively; Fig. 3F ).
Overall, these data indicate that NKG2D downregulation by HMBA does not result from accelerated receptor internalization or retention in intracellular compartments, but is rather due to impaired gene expression and, hence, neo-synthesis of NKG2D. Furthermore, results indicate that HMBA also suppresses the expression of DAP10 that is required for stable NKG2D anchorage at the cell membrane 50, 51 .
HMBA decreases NK cell cytotoxicity. The negative impact on NKG2D expression suggests that HMBA may have deleterious effects on NK cell cytotoxic responses. To gain insights into this aspect, we set up a redirected killing assay to measure granule exocytosis (i.e. CD107a expression) by purified primary NK cells treated or not with HMBA and/or IL-15 upon interaction with P815 cells coated with anti-NKG2D mAb or, as control, mouse IgG 1 . In these settings, antibody-mediated triggering of NKG2D resulted in a ~2-fold increased frequency of CD107a + cells among both untreated and IL-15-stimulated NK cells, whereas this increase was completely abrogated by exposure to HMBA (Fig. 4A) . Interestingly, also IL-15-induced increment of basal % of CD107a + NK cells incubated with IgG-coated P815 cells was significantly reduced if NK cells had been simultaneously exposed to HMBA. Moreover, to measure their killing activity, treated NK cells were challenged with K562 cells, a NKG2DL
+ HLA-I-devoid erythroleukemia cell line that serves as established target of NK cytotoxicity. To this end, NK cells derived from 6 donors were pretreated or not with HMBA and/or IL-15, then used as effectors at various effector-to-target (E:T) ratio in a FACS-based assay that measures the percentage of specific lysis. Figure 4B ,C shows that exposure to HMBA impairs the constitutive capacity of NK cells to kill K562 targets and, in addition, inhibits the enhancement of NK-cell cytotoxicity by IL-15. In sum, results demonstrate a detrimental effect of HMBA on NKG2D-mediated activation and, more in general, on IL-15-induced cytotoxicity of NK cells.
Lysis of leukemia t cells by NK cells is inhibited by HMBA.
Altogether, results suggest that HMBA can have opposite effects on the NKG2D/NKG2DL axis as the drug, on one hand, upmodulates NKG2DLs on target cells and, on the other hand, reduces NKG2D expression and cytotoxicity in NK cells. Then, we investigated the overall impact in NK cell-mediated killing of T-ALL cells when both effectors and targets are exposed to HMBA. To this end, target cells (Jurkat, CEM, and MOLT-4) and effector NK cells were cultivated for 18 h in medium alone (referred as T nt and E nt , respectively) or supplemented with HMBA (T HMBA and E HMBA , respectively) prior being used in lysis assays at various E:T ratio. In pilot experiments we observed that, when not stimulated by cytokines, purified primary NK cells displayed very low to null killing activity against T-ALL cells (data not shown), thus all NK cell cultures were supplemented with IL-15. In agreements with previous reports 52, 53 , lysis of untreated Jurkat, CEM, and MOLT-4 cells by NK cells was NKG2D-dependent, since it was significantly reduced by masking the receptor with specific mAb (51 ± 10%, 36 ± 8%, and 32 ± 7%, respectively, mean ± SEM lysis inhibition calculated at three E:T ratio in 3 independent experiments; a representative experiment is shown in Fig. 5A ). Unexpectedly, we found that treatment of the three cell targets with HMBA did not increase their susceptibility to killing by untreated effectors (Fig. 5A shows a representative set of results). In addition, alongside with the negative effects in NK cells, prior HMBA exposure of NK cells resulted in a strong inhibition of their capacity to kill untreated targets, that is, by comparing E HMBA :T nt vs E nt :T nt , lysis was inhibited by 70 ± 11%, 75 ± 4%, and 43 ± 6% for Jurkat, CEM, and MOLT-4 cells, respectively (Fig. 5A,B) . A similar inhibition was also observed when both effectors and targets have been treated with HMBA (Fig. 5A,B) . Therefore, MICB and ULBP2 upmodulation by HMBA on T-ALL cells (Fig. 1B,C) does not enhance their susceptibility to NK-cell killing and, moreover, HMBA impairs the overall cytotoxicity of IL-15-stimulated NK cells against T-ALL targets, possibly affecting other activating pathways in addition to the one mediated by NKG2D.
HMBA synergizes with PRO at upregulating ULBP2 on HIV-1-infected CD4+ t cells that exit from viral latency. We recently showed that in CD4 + T cells latently infected with HIV-1, the virus upmodulate NKG2DLs, particularly ULBP2, when reactivated by signaling modulators such as phytohemagglutinin (PHA) and PRO, or by SAHA, a polar compound with HDACi activity that is structurally related to HMBA 14, 22 . As HMBA stands among candidate LRAs to be employed in HIV-1 eradication strategies, we investigated whether HMBA could modulate NKG2DLs in the context of viral reactivation and, hence, favor NKG2D-mediated recognition of cells that exit viral latency. Previously reported data indicate that, while the LRA activity of HMBA is evident in latently HIV-1-infected T cell lines 38 www.nature.com/scientificreports www.nature.com/scientificreports/ supplemented with 5 mM HMBA and/or 1 μM PRO, or, as maximal stimulation, with 10 μg/ml of phytohemagglutinin (PHA), then analyzed the expression of intracellular p24 (HIV-1 Gag capsid antigen) and cell-surface ULBP2 levels (representative and summary data with 3 donors are shown in Fig. 6A-D) . We found that individual www.nature.com/scientificreports www.nature.com/scientificreports/ treatment with PRO but not HMBA induced the appearance of p24 + cells above the levels due to endogenous viral reactivation in ns cultures (35 ± 1% vs 12 ± 2%, P = 0.018, fixing p24 + cells in PHA samples at 100%; Fig. 6A ,B), associated with an induction of ULBP2 on p24
+ cells both as %ULBP2 + cells and ULBP2 MFI (Fig. 6C,D) . We also found that, if compared with PRO alone, the simultaneous exposure to HMBA and PRO reactivated HIV-1 to a higher extent in 1 donor and, conversely, to a lower extent in 2 donors (35 ± 1% vs 26 ± 15% p24 + cells, mean ± SEM, P = 0.572), nonetheless ULBP2 expression on p24
+ cells was further upmodulated to significantly higher levels in all tested donors (Fig. 6C,D) . Apparently, HMBA has a poor latency reversal activity, at least in a primary CD4 + T cell-based model system that measures accumulation of a late viral protein. However, when used in association with PRO, HMBA can further enhance ULBP2 expression induced by PRO-reactivated HIV-1.
NK cell-mediated clearance of autologous CD4+ T cells with reactivated HIV-1 is impaired by
HMBA. Finally, we investigated the overall impact in NK cell-mediated killing of latently infected CD4 + T cells when both effector and target cells are exposed to PRO and HMBA. First, the expression of NKG2D on treated NK cells was analyzed, showing that the receptor was upmodulated by PRO, in line with our previous report 22 , but this effect was abrogated in the presence of HMBA resulting in NKG2D downregulation in HMBA as well as in HMBA + PRO treated cells as compared with nt cells (Fig. 7A) . Next, freshly isolated resting CD4 + T cells were infected with HIV-1 to establish viral latency and treated or not with PRO or HMBA + PRO as described above. After 54 hr of culture, CD4 + T cells were collected, resuspended in the same treatment condition (nt, PRO, or HMBA + PRO) either alone or together with autologous NK cells purified from a cryopreserved aliquot of PBMCs of the same donor at an E:T ratio of 1:1, and cultivated for further 18 h. At last, the frequency of p24 + cells was measured by flow cytometry within target CD3 + cell population (Fig. 7B,C) . By comparing CD4 + T with CD4 + T/NK cultures of 3 donors, we found that the frequency of p24 + cells was consistently reduced by the presence of NK cells in PRO cultures (41 ± 10%) as we previously reported 22 , but not in nt or HMBA + PRO cultures (5 ± 5% and 10 ± 4%, respectively) (Fig. 7C,D) . Therefore, when both effectors and targets are treated, the inclusion of HMBA can suppress the NK cell-mediated clearance of the HIV-1 reservoir in CD4 + T cells reactivated by PRO.
Discussion
HMBA belongs to a class of hybrid polar compounds with potential anti-cancer activity that has been used to treat myelodysplastic syndrome and acute leukemia, but later dismissed on the basis of limited efficacy 36, 37 . Recent data disclosing HMBA capacity to reactivate latent HIV-1 reservoirs has opened the possibility that the drug re-enters into the clinics in the context of HIV-1 eradication strategies 38, 39, 42, 48, 55 . Herein, we demonstrated that HMBA has opposite dual effects on the NKG2D/NKG2DLs axis that crucially controls NK cell mediated elimination of tumors and virus-infected cells. Indeed, we provided the first evidence that HMBA upmodulates NKG2DLs while, on the other hand, impairs NKG2D-mediated responses of NK cells, which has important implications for HMBA therapeutic application.
We showed that, in treated Jurkat, CEM, and MOLT-4 cells, HMBA specifically increased the cell-surface expression of MICB and ULBP2 without affecting MICA or ULBP1. This effect is analogous to that of other anti-cancer drugs, including the natural occurring polyphenol Resveratrol, various HDACi (e.g. SAHA, Romidepsin, Trichostatin A, Valproate), and proteasome inhibitors (e.g. Bortezomib), that were shown to upregulate MICA/B (detected with an antibody recognizing both MICA and MICB molecules) and ULBP2 in Jurkat or MOLT-4 cells [56] [57] [58] [59] [60] . HMBA may possibly upregulate MICB and ULBP2 at the transcriptional level by its reported www.nature.com/scientificreports www.nature.com/scientificreports/ capacity to activate E2F and p53 33, 35 , which positively regulate expression of NKG2DL genes 9 . In addition, it is feasible that P-TEFb activation by HMBA can enhance MICB and ULBP2 mRNA elongation, a mechanism through which cells bypass transcriptional pausing of several genes belonging to the innate immune system to allow rapid and robust immune responses 61 . Unexpectedly, we found that MICB and ULBP2 upregulation by HMBA in T-ALL cells was not associated with increased susceptibility to NK-cell mediated killing (Fig. 5A) . These results are in contrast with the fact that NK cells kill leukemic T cells in a NKG2D-dependent fashion (this study and ref. 52 ), and with a higher efficiency when MICA/B and/or ULBP2 are induced by HDACi or other drugs [56] [57] [58] [59] . We hypothesize that enhanced susceptibility of T-ALL cells to NK-cell killing is strictly correlated with the surface density of a NKG2DL distinct from those induced by HMBA such as MICA. Indeed, by using a specific anti-MICA antibody, treatment of Jurkat or a Jurkat-derived cell line (J-LatGFP) with SAHA or other HDACi resulted in a 4-fold increase of MICA expression along with MICB and ULBP2 upmodulation (ref.
14 and our unpublished data). Apparently, optimal exposure of T-ALL cells to NKG2D-mediated responses of NK cells may require induction of MICA and/or other NKG2DL that cannot be achieved with HMBA, but rather with HDACis.
Another unexpected result of the present study consists in the negative impact of HMBA on NK cell phenotype and function. We found that, in NK cells, HMBA reduced NKG2D mRNA levels and overall protein amounts, resulting in cell-surface NKG2D downmodulation and decreased degranulation activity upon NKG2D triggering in a redirected killing assay. Moreover, the capacity of HMBA-treated NK cells to kill tumor targets that largely depend on NKG2D/NKG2DL interactions, such as T-ALL or K562 cells, was drastically reduced. HMBA also reduced the NKG2D adaptor DAP10 at both mRNA and protein level, a phenomenon that can account not only for impaired signaling of cell-surface NKG2D molecules, but also for receptor downregulation. Accumulating evidence, indeed, shows that association with DAP10 is required for NKG2D protection from degradation and stable expression at the cell membrane 50, 51 . Further studies are required to determine the precise mechanism by which HMBA reduces NKG2D and DAP10 gene transcription. Importantly, by modulating DAP10 amounts, cytokines regulate NKG2D expression levels and, more in general, the effector function of NK cells, with a positive effect on DAP10 protein synthesis exerted by cytokines belonging to the common γ + cells was measured in 3 independent experiments and expressed as % 24 + killing (mean ± SEM) as described in Materials and Methods. Each symbol represents 1 donor. *P < 0.05, **P < 0.01 by two-tailed paired t test. 51 . Using a mouse model targeting DAP10 for ubiquitin-mediated degradation in NK cells, it has been shown that DAP10 transduces signals downstream of IL-15 receptor (IL-15R) and is required for IL-15 stimulation of NK cell survival, proliferation, and NKG2D-mediated cytotoxicity 50 . Of note, we found that HMBA-exposed NK cells with reduced DAP10 levels are unresponsive to IL-15 in terms of upmodulation of NKG2D and NKp44 receptor expression, NKG2D-mediated activation, and killing of transformed or infected cells. Our data strongly support the essential role of DAP10 in NK cells for the response to IL-15 stimulation and in coupling the NKG2D and IL-15R signaling pathways. Most importantly, the detrimental effects of HMBA observed in vitro in NK cells, even when activated by IL-15, suggest that HMBA administration may compromise NK cell-mediated elimination of tumor cells in vivo, a phenomenon that might have contributed to poor clinical outcome reported in HMBA-treated patients with myelo-dysplastic syndrome and acute leukemia 36, 37 .
Results of the present study also show that the deleterious effects of HMBA on NK-cell phenotype and function may have negative implications for its employment in HIV-1 eradication strategies. The potential of HMBA in the reversal of HIV-1 latency has been recently reported, especially when combined with a second LRA belonging to a distinct functional category such as PRO 42, 43 . By using a primary CD4 + T-cell based model of HIV-1 latency, we found that HMBA was devoid of the capacity to reactivate the virus when used alone or in combination with PRO, which is in contrast with previous reports 42, 43 . Conflicting results are possibly due to differences in model systems and method of quantification, consisting in intracellular p24
+ accumulation in primary T cells (this study) as opposed to HIV-1 Long terminal repeat (LTR)-driven transcription in T-cell lines 43 , or genomic viral RNA levels in culture supernatant of PBMCs from ART-treated patients 42 . Aligned with our data, a study based on latently infected primary T cells showed that treatment with PRO but not HMBA exposed these cells to recognition by HIV-1-specific CTLs 55 . Though devoid of LRA activity, we found that HMBA synergized with PRO at upregulating ULBP2 on those p24 + T cells harboring PRO-reactivated virus. These results are in agreement with the reported capacity of HMBA to prolong and potentiate NF-κB activation initiated by PRO via the suppression of the A20 deubiquitinase and, as a consequence, sustained degradation of the NF-κB inhibitor IκBα 43 .
On the other hand, HMBA decreased NKG2D expression on NK cells in a dominant manner over PRO-mediated stimulation and damped NK cell-mediated clearance of p24 + T cell targets despite their higher ULBP2 expression in HMBA + PRO cultures. These results suggest that HMBA might be too weak to induce effective HIV-1 latency reversal, even when combined with a distinct LRA. In addition, the detrimental effects on the anti-viral responses of NK cells discourage the inclusion of HMBA in HIV-1 'shock-and-kill' approaches, especially since results from initial clinical trials in ART patients indicate that NK cells have an important role, possibly superior to that of CTLs, in the context of viral eradication strategies [62] [63] [64] [65] . Furthermore, HMBA may reduce NKG2D expression also on CD8 + T cells (our unpublished observations), which can compromise the cytotoxic activity of these cells upon NKG2D costimulation 66 , yet further studies are required to investigate this phenomenon. Altogether, within the limitations of an in vitro study, results presented herein not only provide one possible explanation for the failure of HMBA in previous clinical trials, but also raise concerns for future therapeutic application of this drug. Indeed, by impairing expression of NKG2D in NK cells, HMBA hampers a crucial pathway in NK cell-mediated elimination of tumor and infected cells. Moreover, likely by impairing DAP10 expression, HMBA inhibits the capacity of NK cells to respond to IL-15, which is essential for NK cell development and function. Of note, IL-15 and, above all, IL-15 analogs with superior stability and efficacy are currently under investigation as immunotherapeutic agents for the treatment of solid and hematological tumors as well as for HIV-1 eradication 67 . Accumulating evidence shows that IL-15 agents have some efficacy as monotherapy, but they have a great potential when used in combination with chemotherapy agents, resulting in enhanced NK cell activity against tumor recurrence and metastasis in animal models 68 . The unexpected inhibition exerted by HMBA on NK cell function overriding IL-15 stimulation disclosed in the present study emphasizes that novel hybrid polar agents and, more in general, anticancer drugs being taken forwards in clinical trials either alone or in combination, should be systematically tested for their impact on the effector function of NK cells and, conceivably, other cytotoxic cells.
Materials and Method
Cell lines and reagents. Primary NK and CD4
+ T cells, FcγR
+ P815, K562, Jurkat E6-1, CCRF-CEM (CEM), and MOLT-4 cells were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum, 0.2 mM L-glutamine, and 100 units/ml penicillin-streptomycin (all from Euroclone).
PBMCs were obtained by Ficoll separation of buffy coats from the donor bank of the Policlinico Tor Vergata (PTV; Rome, Italy). Use of buffy coats was approved by the PTV Ethical committee and written informed consent from all participants was obtained, in accordance with the Declaration of Helsinki.
Primary NK and CD4 + T cells were isolated from PBMCs by negative selection with cell-type specific EasySep CD4 + T-cell Enrichment Kit (Stem Cell Technologies) according to manufacturer's protocol. The purity (~95%) of isolated NK (CD3 − CD56 + CD16 −/+ ) and CD4 + T cells (CD3 + CD4 + ) was assessed by immunolabeling and FACS analysis.
For flow cytometry, isotype control IgG 1 and IgG 2a , either conjugated or not, (BD Pharmingen) and the following mouse monoclonal antibodies (mAbs) were used: CD3/AlexaFluor700 (UCHT1), CD56/PerCpCy5. www.nature.com/scientificreports www.nature.com/scientificreports/ For western blotting we employed antibodies against NKG2D (clone 3.1.1.1; kind gift of Carsten Watzl, IfADo, Dortmund, Germany), DAP10 (clone H-2, sc-133173; Santa Cruz Biotechnology), and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (MAB374; Millipore), then horseradish peroxidase-conjugated secondary antibody (Cell Signaling).
The anti-NKG2D (149810; R&D Systems) mAb or isotype control IgG 1 was used in the internalization assay, cytotoxicity, and redirected NK-cell lysis.
When indicated, cells were treated with 5 μM HMBA, 1 μM PRO, 10 μg/ml PHA (all from Sigma-Aldrich), 12.5 ng/ml IL-15 (Peprotech), and 29 nM CCL19 (R&D Systems).
Flow cytometry. To assess viability, cells were stained with LIVE/DEAD fixable NEAR-IR dead cell stain kit according to manufacturer's protocol (Life Technologies). To stain CD107a, cell cultures were supplemented with CD107a/FITC mAb (or control IgG 1 /FITC) for 6 h, with the addition of monensin (Golgi stop, diluted 1:1500; BD Pharmingen) and 10 μg/ml Brefeldin A (Sigma-Aldrich) after the first hour. The cell-surface and intracellular staining procedures were performed as described previously 14 . Immunolabeled cells resuspended in 1% paraformaldehyde (PFA) were acquired on a FACSCanto II (BD Biosciences) or Cytoflex (Beckman Coulter). Positive cell gating was set using fluorescence minus one control (FMO). Mean fluorescence intensity (MFI) was subtracted of the value obtained with isotype control antibody. Data analyses were performed using FlowJo software (TreeStar).
Internalization assay. To measure the rate of NKG2D internalization, NK cells were collected after 18 h of culture with or without 5 mM HMBA, washed with cold PBS, reacted with anti-NKG2D mAb (0.05 μg/μl in PBS) for 30 min on ice, washed twice, and placed at 37 °C and 5% CO 2 . The endocytosis reaction was stopped after 5, 15, and 30 min of incubation by transferring an aliquot of cells on ice and adding NaN 3 at a final 0.5% concentration. Next, the cells were stained with secondary antibody and analyzed by flow cytometry.
Western blotting. NK cells were lysed as described previously 69 , then 20 μg of total cell lysate was separated on 10% SDS-PAGE and immunoblotted with primary then secondary antibodies. The protein-specific signals were detected with Pierce ECL substrate (Thermo Scientific) and quantified by densitometry.
Real-time qPCR. Briefly, total RNA was extracted from NK cells treated or not with HMBA for 18 h using TRIzol (Life Technologies). Aliquots (1 μg) of total RNA were used to generate cDNA using random hexamers and the resulting cDNA (25 ng) was amplified in triplicate using the SensiFAST SYBR Green PCR master mix (all from Bioline). For each target (NKG2D, DAP10, and the 18 S rRNA calibrator gene), forward (F) and reverse (R) primers were designed across exons to avoid amplification of genomic DNA, as validated in pilot assays: NKG2D(F), 5′-TCTCGACACAGCTGGGAGATG-3′; NKG2D(R), 5′-GACATCTTTGCTTTTGCCATCGTG-3′; DAP10(F), 5′-GGCACTTCAGGCTCTTGTTC-3′; DAP10(R), 5′-CCAGGATGAGAGGGTCAGAA-3′; 18 S rRNA(F), 5 -GAGGCCCTGTAATTGGAATGAG-3; 18 S rRNA(R), 5′-GCAGCAACTTTAATATACGCTATTGG -3′. The cycling conditions were 95 °C for 2 min, followed by 40 cycles of 95 °C for 5 sec and 60 °C for 30 sec. Real-time PCR was performed using Applied Biosystems 7300 Real-Time PCR System. NK-cell cytotoxicity assays. Flow cytometry-based cytotoxicity assays were performed as described previously 14 , using K562 cells as targets and purified primary NK cells treated for 18 h with 5 μM HMBA and 12.5 ng/ ml IL-15, either alone or in combination, or not treated (nt), as effectors. In addition, Jurkat, CEM, or MOLT-4 cells that have been cultivated for 18 h with or without HMBA were used as targets of NK cells pre-treated for 18 h with IL-15 alone or together with HMBA. Briefly, 5,6-carboxyfluorescein diacetate succinimidyl ester (CFSE; Sigma-Aldrich)-labeled NK cells were co-cultivated with target cells at different effector-to-target cell (E:T) ratios for 4 h. When indicated, NK cells were treated with anti-NKG2D blocking antibody (1 μg/10 6 cells) or control IgG 1 for 15 minutes prior to incubation with target cells. Next, cells were labeled with 7-aminoactinomycin D (7-AAD; Sigma-Aldrich), fixed and acquired by FACS. The percentage of specific lysis of target cells (gated as CFSE − ) was calculated as follows: 100 × (%7-AAD + target cells in sample − basal %7-AAD + target cells)/(100 − basal %7-AAD + target cells). For K562 targets, specific lysis derived from three E:T ratios was conversed to lytic units (LU), defined as the number of effector cells required to lyse 20% of 2 × 10 5 target cells 70 , and results were expressed as the number of LU contained in 10 7 NK cells.
Establishment and reactivation of latently infected CD4 + t cells. Primary CD4
+ T cells cultures infected with HIV-1 were established and then reactivated as previously described with minor modifications 71 www.nature.com/scientificreports www.nature.com/scientificreports/ cells were exposed to 5 μM HMBA and 1 μΜ PRO, either alone or in combination, to 10 μg/ml PHA, or not stimulated (ns) at day 3 post-infection. Finally, at 72 h post-stimulation, cells were harvested and analyzed by FACS for intracellular p24 accumulation and cell-surface NKG2DLs expression.
NK cell-mediated killing of reactivated HIV-1-infected cells. Primary HIV-1-infected CD4
+ T cells (targets) reactivated with 1 μΜ PRO alone or together with 5 mM HMBA or not treated (nt), were collected 54 h post-stimulation and further cultivated for 18 h in the same treatment conditions (nt, PRO, PRO + HMBA) either alone or together with NK cells (effectors) purified from a cryopreserved aliquot of PBMCs of the same donor at an E:T ratio of 1:1. Cells were then fixed/permeabilized and stained for p24 and CD3. Finally, 7,000 target cells (gated as CD3 + ) were acquired by FACS. The percent NK cell-mediated killing of p24 + cells was calculated with the following formula: 100 × (%p24 + cells in targets − %p24 + cells in targets with effectors)/(%p24 + cells in targets). statistical analysis. All experiments have been performed independently at least three times. GraphPad Prism 6.0 software was used to perform all statistical analyses. A value of P < 0.05 was considered statistically significant.
Data Availability
The datasets generated during the current study are available from the corresponding author on reasonable request.
